The protein NS3 of Dengue virus type 2 (DEN-2) is the second largest nonstructural protein specified by the virus and is known to possess multiple enzymatic activities, including a serine proteinase located in the Nterminal region and an NTPase-helicase in the remaining 70% of the protein. The latter region has seven conserved helicase motifs found in all members of the family Flaviviridae. DEN-2 NS3 lacking the proteinase region was synthesized as a fusion protein with glutathione S-transferase in Escherichia coli. The effects of 10 mutations on ATPase and RNA helicase activity were examined. Residues at four sites within enzyme motifs I, II, and VI were substituted, and six sites outside motifs were altered by clustered charged-to-alanine mutagenesis. The mutations were also tested for their effects on virus replication by incorporation into genomic-length cDNA. Two mutations, both in motif I (G198A and K199A) abolished both ATPase and helicase activity. Two further mutations, one in motif VI (R457A,R458A) and the other a clustered charged-to-alanine substitution at R 376 KNGK 380 , abolished helicase activity only. No virus was detected for any mutation which prevented helicase activity, demonstrating the requirement of this enzyme for virus replication. The remaining six mutations resulted in various levels of enzyme activities, and four permitted virus replication. For the two nonreplicating viruses encoding clustered changes at R 184 KR 186 and D 436 GEE 439 , we propose that the substituted residues are surface located and that the viruses are defective through altered interaction of NS3 with other components of the viral replication complex. Two of the replicating viruses displayed a temperature-sensitive phenotype. One contained a clustered mutation at D 334 EE 336 and grew too poorly for further characterization. However, virus with an M283F substitution in motif II was examined in a temperature shift experiment (33 to 37°C) and showed reduced RNA synthesis at the higher temperature.
The four serotypes of Dengue virus (types 1 to 4) belong to the family Flaviviridae, which consists of the genera Flavivirus, Pestivirus, and Hepacivirus (52) . The dengue virus genome is positive-sense RNA of 11 kb and encodes the proteins C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5 in a single open reading frame. Co-and posttranslational polyprotein processing by host and viral proteinases generates three structural proteins, namely, C (capsid), M (membrane associated) and E (envelope), and seven nonstructural (NS) proteins, NS1 through NS5 (reviewed in reference 45) . Biochemical functions have been demonstrated for some nonstructural proteins. NS5 possesses RNA-dependent RNA polymerase activity (49) . A complex of NS2B and NS3 acts as a chymotrypsin-like serine proteinase; the N-terminal 30% of NS3 is sufficient for this activity (15, 42) . The C-terminal 70% of NS3 has seven motifs characteristic of RNA helicases of the DExH subfamily. Recombinant proteins containing the C-terminal helicase region of dengue virus NS3 possess nucleoside triphosphatase (NTPase) (10, 33) and RNA helicase activities (33) .
RNA helicases catalyze the unidirectional unwinding of duplex RNAs (containing a single-stranded RNA region of at least 3 nucleotides [nt]) in the presence of a divalent cation and require the hydrolysis of the ␤-␥ bond of a suitable deoxynucleoside triphosphate or nucleoside triphosphate (NTP) (usually ATP) as an energy source (32, 40) . Known and putative RNA helicases of viral origin possess conserved amino acid sequence motifs enabling their classification into three distinct superfamilies. Superfamilies 1 and 2 have seven conserved motifs, while superfamily 3 has only three (30) . The helicase of the flavivirus Dengue virus type 2 (DEN-2) is a member of superfamily 2, which includes the helicases of the pestivirus Bovine viral diarrhea virus (BVDV) and the hepacivirus Hepatitis C virus (HCV). Helicases can be further classified into DEAD, DExH, and DExx subfamilies based on the sequence of motif II (35, 46) . The multifunctional flavivirus NS3 helicase protein is believed to be a component of the viral RNA replication complex with the RNA-dependent RNA polymerase NS5 protein (26) . There is evidence that NS3 interacts with both NS5 and stem-loop structures in the genomic 3Ј untranslated region, possibly playing an important role in the initiation of negative-strand RNA synthesis (8, 26) .
Several X-ray crystal structures of the HCV NS3 helicase domain have been determined (9, 29, 58) and together with site-directed mutagenesis have helped to define the function of some helicase motifs. The first reported mutagenesis studies of HCV and other positive-strand viruses targeted the helicase motifs I, II, III, and VI. Motif I (GxGKT), conserved in all three superfamilies, is involved in binding the ␤ and ␥ phosphate groups of NTPs. Motif II (DExH), also present in all three superfamilies, is predicted to bind Mg 2ϩ , making a complex with the terminal phosphates of the NTP. Several residues and motifs have been implicated in the coupling of NTP hydrolysis with RNA unwinding; they are the histidine residue of motif II, motif III (TAT box), and the glutamine and arginine residues of motif VI ([Q/x]RxGRxxR) (16, 18, 21, 28, 41, 51, 53, 58) . More recently, the roles of residues outside motifs were examined using site-directed mutagenesis and a crystal structure of the HCV NS3 helicase-(dU) 8 complex (29, 34, 41) . Several conserved HCV helicase residues which contact the oligonucleotide were shown to be involved in RNA binding, duplex unwinding, and polynucleotide-stimulated ATPase activity.
This study investigated the importance of selected residues in the DEN-2 NS3 helicase region for enzyme activity and viral replication. Two types of mutations were introduced. The first type was the substitution of residues within motifs, I, II, and VI, and the second type was the replacement with alanine of amino acids in clusters of charged amino acids outside motifs. Mutant proteins were synthesized as N-terminally truncated fusion proteins in Escherichia coli, purified, and assayed for ATPase and RNA helicase activities. Mutations were also incorporated into genomic-length DEN-2 cDNA to investigate the effects of changes on viral yield. This work is the first report of extensive mutagenesis of a flavivirus helicase, examining both enzyme activity and viral replication.
MATERIALS AND METHODS
Cell lines, virus, and antiserum. BHK-21 and Aedes albopictus C6/36 cells were grown and maintained as described previously (43) . Stocks of DEN-2 viruses were prepared, and titers were determined by plaque assay in C6/36 cells at 28°C (22) . Concentrated stocks of some viruses were produced by precipitation with polyethylene glycol (12) . The preparation of rabbit polyclonal antiserum directed against DEN-2 NS3 (residues 355 to 593) has been described (50) .
Constructs encoding NS3 fusion proteins. For the following cloning strategies, the locations of restriction enzyme sites cleaving in DEN-2 cDNA (25) are shown in superscript, and sites present in plasmid vectors are not numbered. To obtain a plasmid encoding the C-terminal region of the DEN-2 NS3 protein, an NdeI 5002 -SpeI cDNA fragment (containing nt 5002 to 6375 of the DEN-2 New Guinea C [NGC] genome) was excised from the vector pSV.NS3, which encodes full-length NS3 and contains a stop codon at the 3Ј end of the NS3 gene (50) , and cloned into the SmaI site of pGEX-3X (Pharmacia Biotech). The resulting plasmid pGX74%NS3 encodes the glutathione S-transferase (GST) fused to residues 161 to 618 of DEN-2 NS3 (Fig. 1) . The plasmid pGX74%NS3 was used as a template for mutagenesis by overlap extension PCR (OE-PCR) (24) . Sequences of oligonucleotides used in mutagenesis are shown in Table 1 (29) ; residue numbers within NS3 are given. On the left are the full (pGX) and abbreviated (G) designations of the truncated NS3 gene constructs in pGEX-3X. The G designations are also used for the corresponding encoded mutant fusion proteins where appropriate. On the right are the names of the plasmids containing genomic-length cDNA (pDVWS) and derived virus (V). Antiserum raised in rabbits against a bacterial fusion protein (50) was directed against a segment of NS3 (vertical stripes). For clustered charged-to-alanine mutants, the underlined residues were mutated to alanine.
Synthesis and purification of NS3 proteins. The recombinant proteins containing an N-terminal GST tag were expressed in E. coli DH5␣ cells grown at 37°C in Luria-Bertani medium containing ampicillin (100 g/ml). Synthesis of the recombinant proteins was induced by the addition of 0.1 mM isopropyl-␤-D-thiogalactopyranoside. Two hours later, the cells were collected by centrifugation, resuspended in ice-cold phosphate-buffered saline containing lysozyme (33 g/ml), and held on ice for 10 min. Triton X-100, at a final concentration of 0.1%, was added to the cells prior to their sonication on ice for 2 min. The cell lysate was clarified by centrifugation at 12,000 ϫ g for 10 min. The soluble fraction was mixed with glutathione-Sepharose 4B beads (Pharmacia Biotech) and gently mixed at 4°C for 30 min. The beads were washed three times with phosphate-buffered saline, and bound protein was eluted twice in elution buffer (10 mM glutathione and 50 mM Tris-HCl [pH 8.0]) at 25°C for 15 min. All protein preparations were adjusted to 10% glycerol and stored at Ϫ70°C. Protein concentrations were estimated by densitometer scanning of Coomassie bluestained acrylamide gels and Bradford assay (Bio-Rad).
ATPase assay. The ATPase assay was a modified procedure of Warrener et al. (54) . Briefly, the final volume of the standard assay used to test mutated proteins was 10 l, containing 50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 2.5 mM MgCl 2 , 1 Ci of [␣-
32 P]ATP (800 Ci/mmol; DuPont) and 0.4 pmol of protein sample. Reaction mixes were incubated for 1 h at 24°C, and the reactions were terminated by the addition of EDTA to a final concentration of 20 mM. A 0.5-l sample of the reaction mixture was spotted onto plastic-backed polyethyleneimine-cellulose sheets, and 32 P-labeled ATP and ADP were separated by ascending chromatography in 0.375 M potassium phosphate (pH 3.5). The sheets were dried and exposed to X-ray film. The percentage of conversion of ATP to ADP was estimated by measuring the radioactivity in separated nucleotides by liquid scintillation counting.
The values of K m and k cat were calculated from a Lineweaver-Burk plot of ATP hydrolysis activity over a range of ATP concentrations from 1 to 5 mM. The concentration of poly(A), if present, was 0.17 g/l (0.5 mM measured as mononucleotide equivalents).
Helicase assay. A partial double-stranded RNA (dsRNA) substrate was prepared using a modified pGEM-4Z (Promega) plasmid. A 24-bp region of the polylinker was removed by digestion with EcoRI and HindIII, filling in of recessed ends with Klenow DNA polymerase, and blunt-end ligation to generate the plasmid pGEM-4Z⌬24.
NdeI-digested plasmid pGEM-4Z⌬24 was transcribed with T7 RNA polymerase to produce a 259-nt strand. BanI-digested plasmid pGEM-4Z⌬24 was transcribed with SP6 RNA polymerase in the presence of [␣-32 P]ATP to produce a radiolabeled 144-nt strand. Reaction mixes were treated with RQI RNase-Free DNase (Promega) and extracted with phenol-chloroform, and the RNA was precipitated with ethanol. Transcripts were combined in annealing buffer containing 10 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, and 200 mM NaCl. The mixture was heated for 5 min at 95°C and 1 h at 65°C and then was allowed to cool to room temperature over 3 h. RNA sample buffer (5ϫ; 25 mM EDTA, 0.25% bromophenol blue, 50% glycerol, 0.5% sodium dodecyl sulfate [SDS] ) was added to the hybridization mixture, which was then electrophoresed through a 6% polyacrylamide gel (acrylamide-bisacrylamide [30:0.8], 0.5ϫ TBE [90 mM Tris borate, pH 7.5; 2 mM EDTA], 0.1% SDS). The region of the gel containing the RNA duplex was localized by autoradiography, excised from the gel, and pulverized, and RNA was eluted overnight at 37°C with a solution containing 500 mM ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, and 0.1% SDS. The eluted RNA was precipitated with ethanol and resuspended in water.
The RNA helicase assay was carried out in a total volume of 20 l containing radiolabeled substrate, 25 mM MOPS (morpholinepropanesulfonic acid)-KOH (25) . c For clustered charged-to-alanine mutants, the underlined residues were mutated to alanine. Amino acid numbering refers to the position of the residue in NS3.
(pH 6.5), 5 mM ATP, 3 mM MnCl 2 , 2 mM dithiothreitol, 100 g/ml bovine serum albumin, 5 U of RNasin (Promega), and 1 pmol of protein. Reaction mixtures were incubated for 30 min at 37°C and terminated by the addition of 5ϫ RNA sample buffer. The reaction mixture was analyzed by electrophoresis through a 6% polyacrylamide gel. Gels were dried and exposed to the storage phosphor screen (Molecular Dynamics). The phosphor screen was analyzed using a STORM PhosphorImager system, and ImageQuant image analysis software (Molecular Dynamics) was used to estimate the percentage of 32 P-labeled fragment unwound.
Insertion of mutations into genomic-length DEN-2 cDNA. The plasmid pDVWS501, which contains genomic-length DEN-2 cDNA, was described in detail (22) . For these experiments, the mutated NS3 helicase fusion proteins were examined for ATPase and RNA helicase activity, and then the mutations were inserted into genomic-length DEN-2 cDNA to study their effects on virus replication (except the G198A mutant) (Fig. 1) .
The plasmids pDVWS501NS3 334-336 , pDVWS501NS3 376-380 , and pDVWS501NS3 [436] [437] [438] [439] were prepared by replacing the BstBI 5069 -BstBI 6046 fragment of pDVWS501 with a mutagenized fragment prepared by OE-PCR. Sequences of oligonucleotides used in mutagenesis are shown in Table 1 . The plasmids pDVWS501NS3 K199A , pDVWS501NS3 M283F , and pDVWS501NS3 R457A,R458A were prepared by removing the mutagenized BstBI 5069 -BstBI 6046 fragments from the corresponding pGX74%NS3 plasmid and ligation into BstBI-digested pDVWS501 (Fig. 1) .
The other three mutations were initially constructed in the plasmid pDVSO8298 (pSPORT 1 containing nt 4494 to 8744 of DEN-2 NGC) prior to ligation into pDVWS501. A cDNA fragment encoding the mutation EDD (residues 179 to 181) (underlined residues changed to alanine) was cloned into pDVSO8298 by removing the mutagenized NsiI 4700 -Ppu MI 5854 fragment from the corresponding pSV.NS2B/3 plasmid and ligation into NsiI-PpuMI-digested pDVSO8298. The two remaining charged-to-alanine mutations, EKSIE (169-173) and RKR (184-186), were introduced into NsiI-PpuMI-digested pDVSO8298 as OE-PCR fragments. For all three mutants, NsiI 4700 -StuI 7874 mutagenized fragments were then removed from the appropriate pDVSO8298 plasmid and ligated into NsiI-StuI-digested pDVWS501. PCR-derived regions were sequenced.
Production of virus from genomic-length cDNA. Procedures for transcription of RNA, electroporation, and immunofluorescence of BHK-21 cells and passaging of virus in C6/36 cells have been described (22) . Briefly, capped transcripts were produced from plasmids containing genomic-length DEN-2 cDNA using the Promega RiboMAX kit. Approximately 7 to 10 g of transcript RNA and 50 g of carrier tRNA were electroporated into BHK-21 cells, which were then incubated at 33 or 37°C. The cells were examined for immunofluorescence 4 to 6 days later using anti-E monoclonal antibodies (20) . At 7 days the culture medium was used to infect C6/36 cells. Four to five days later, the culture medium from the C6/36 cells was used to initiate a second passage in C6/36 cells. When approximately 50% of the cells exhibited cytopathic effects, or 4 days later if no cytopathic effects were visible, these second passage virus stocks were collected, and titers were determined by plaque assay in C6/36 cells.
To confirm that each mutation was present after electroporation and passaging, total RNA was extracted from infected C6/36 cells or supernatant, and reverse transcription (RT)-PCR of viral RNA was performed (22, 43) . The complete NS2B and NS3 genes were sequenced to confirm the presence of the introduced mutation and the absence of any other changes that may have been introduced during virus passaging.
Temperature shift experiments. RNA extracts of infected cells were prepared using RNeasy columns (Qiagen) for analysis of viral RNA content by dot blot hybridization. A 32 P-labeled DNA probe spanning nt 5364 to 6123 of the DEN-2 genome was produced by random primed labeling using [␣-
32 P]dATP (3,000 Ci/mmol), labeling mix-dCTP and pd(N) 6 (Pharmacia Biotech). RNA samples were diluted in RNA dilution buffer (diethyl pyrocarbonate-treated H 2 O-20ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]-formaldehyde [5:3:2] ) and held at 65°C for 15 min to remove RNA secondary structure. The samples were applied to a Hybond-Nϩ nylon membrane (Amersham), presoaked in 10ϫ SSC, using an SRC 96 D Minifold I dot blotter (Schleicher and Schuell). The membrane was allowed to dry at room temperature, cross-linked with UV light, and prehybridized at 68°C for 2 h in hybridization solution (5ϫ SSC, 1% SDS, 1% bovine serum albumin). Labeled DNA probe at 10 7 cpm/ml was heated at 95°C and added to fresh hybridization solution, and the membrane was incubated for a further 16 h in the presence of the probe. The membrane was then washed twice at room temperature in 2ϫ SSC and 0.1% SDS, and this was followed by two washes at 68°C in 0.1ϫ SSC and 0.1% SDS. Bound radioactivity was detected using the STORM PhosphorImager system (Molecular Dynamics).
To assess the effect of temperature shift on viral protein synthesis, infected BHK-21 cells were radiolabeled with trans- [ 35 S]methionine (1,150 Ci/mmol) for 2 h. The methods for labeling procedures, cell lysis, radioimmunoprecipitation (RIP), gel electrophoresis, and fluorography have been described (44, 50) .
RESULTS

Mutagenesis of the helicase region of NS3.
In order to test the importance of residues in the helicase region of DEN-2 NS3 for enzyme activity and virus replication, two types of mutations were introduced. First, changes were made in motifs I, II, and VI. These were single alanine substitutions G198A and K199A (motif I) and a double change at R457A,R458A (motif VI). In motif II, the substitution was M283F; phenylalanine is the second most common residue (after methionine) at this position in positive-strand viruses (30) . Based on previous mutational studies and X-ray crystallography data of related viral RNA helicases (16, 19, 21, 28, 41, 51, 53) , these motifs are known to be involved in the binding and hydrolysis of ATP and/or the coupling of helicase and ATPase activities. Thus, we hypothesized that the first three mutations would reduce enzyme activity and virus replication, although there were no previous studies on the replication of flaviviruses carrying these types of mutations. The possible effect of the substitution M283F was unknown.
The second type of mutation was the replacement with alanine of three amino acids in clusters of charged amino acids. Charged amino acids are likely to occupy exposed positions in the tertiary structure and therefore interact with other proteins (1, 13) . Several studies have demonstrated an association between the flavivirus NS3 protein and other viral nonstructural proteins, including NS2B and NS5, both in vitro and during viral replication (5, 6, 8, 14, 15, 26, 57) . The central region of NS3, spanning amino acids 161 through 463, was scanned for clusters of five residues which contained at least three charged amino acids (2, 55) . Six such clusters outside helicase motifs (30) were chosen for mutagenesis, and the charged residues were changed to alanine (Fig. 1 ). These were as follows: E169A, K170A, and E173A; E179A, D180A, and D181A; R184A, K185A, and R186A; D334A, E335A, and E336A; R376A, K377A, and K380A; and lastly, D436A, E438A, and E439A. Alanine was chosen as the replacement amino acid since it removes the side chain beyond the beta carbon and also minimizes any steric effects within the polypeptide caused by the replacement (11) . It was of interest to determine whether these changes in hydrophilicity outside helicase motifs modified the enzyme activity of NS3 in the absence of any other viral protein or whether any effects of the changes could be detected only by examining virus replication, when not only helicase activity but also interactions between NS3 and other viral or host proteins may be required.
Synthesis of truncated parental and mutant NS3 in E. coli. To provide a source of flavivirus NS3 protein for biochemical studies, truncated (amino acids 161 to 618) parental and mutant polypeptides were synthesized as GST fusion proteins in E. coli DH5␣ cells. Proteins were purified from the cell lysate by affinity chromatography, and purified parental GST:74% NS3 fusion protein (G2) with a molecular mass of 78 kDa was detected following SDS-polyacrylamide gel electrophoresis (Fig. 2A, lane 2) . In addition to the G2 protein, several proteins of lower molecular mass were also detected. These were possibly generated by either proteolytic degradation or prema-ture translational termination, as they were recognized by anti-GST and anti-NS3 antibodies (Fig. 2B and C, lanes 1) . GST (26 kDa) was also synthesized in E. coli to use as a negative control for the in vitro enzyme assays (Fig. 2A, lane 3; Fig. 2B , lane 2). Preparations of all mutant fusion proteins used for enzyme assays are shown in Fig. 2D .
NS3-mediated ATPase activity. The ATPase activity of increasing amounts of the parental NS3 fusion protein G2 was first measured over 45 min in the presence of 5 mM ATP (Fig.  3A) . The rate of hydrolysis was directly proportional to the amount of enzyme. Using 1 pmol of enzyme and 5 mM ATP, the rate of hydrolysis was linear from 15 to 90 min (not shown).
To determine the K m of G2, the ATPase activity of 1 pmol of G2 was measured at ATP concentrations from 1 to 5 mM for 60 min in the presence or absence of poly(A). The LineweaverBurk plots were linear in this range (Fig. 3B) The results of testing the ATPase activity of the mutant NS3 fusion proteins are shown in Fig. 4 . The chromatographic analyses of a typical experiment are displayed in Fig. 4A , the means of three experiments are shown in Fig. 4B , and an overall summary is presented in Table 2 . As expected, mutation of the highly conserved G198 and K199 residues within ATP binding motif I abolished ATPase activity (Fig. 4A, lanes 7 and 8) .
Mutation of the less-conserved residues in motifs II and VI also reduced ATPase activity (Fig. 4A, lanes 9 and 13) , although to a lesser extent than the motif I mutants. The clustered charged-to-alanine mutants located outside helicase motifs demonstrated a range of ATPase activities, from levels lower (Fig. 4A, lanes 10 and 11) to levels higher (Fig. 4A, lanes  4, 5, 6 , and 12) than that of the parental protein.
It is interesting that mutated clusters located within the linker region (residues 161 to 188) between the final proteinase box 4 (residues 145 to 155) (3) and upstream of the first helicase motif I (residues 188 to 205) stimulated ATPase activity. RNA helicase activity of NS3 mutants. Helicase activity was tested by using an RNA substrate which consisted of a 259-nt RNA strand hybridized to a 144-nt radiolabeled RNA strand to produce a partially duplex RNA substrate containing 3Ј single-stranded regions with a 24-bp duplex region (Fig. 5A ). The G2 protein had RNA helicase activity in the presence of (Fig. 5B, lane 3) . In the absence of the G2 protein (lane 2), or Mn 2ϩ and ATP (lane 4), no activity was detected. Next, the mutant NS3 proteins were examined in the RNA helicase assay (Fig. 5C ) (summary shown in Table 2 ). As expected, mutation of the ATP binding motif I abolished RNA helicase activity (lanes 8 and 9); the extent of unwinding was the same as for GST only (lane 3), confirming that no RNA helicase activity was detected in the absence of ATPase activity. Interestingly, mutation M283F in motif II demonstrated reduced ATPase activity (Fig. 4A, lane 9) and increased helicase activity (Fig. 5C, lane 10) compared to the parental G2 protein (Fig. 4A, lane 3, and Fig. 5C, lane 4) . Also, the protein with changes R457A and R458A in motif VI which retained ATPase activity (Fig. 4A, lane 13) showed no detectable RNA unwinding (Fig. 5C, lane 14) . These results demonstrate that the NTPase and RNA helicase activities of the DEN-2 NS3 protein can be functionally uncoupled by mutations within motifs.
Mutation of the clustered charged regions external to the helicase motifs had variable effects on RNA unwinding. The three mutants G 169-173 , G 179-181 , and G 184-186 , upstream of motif I, demonstrated a large increase in RNA unwinding (Fig.  5C , lanes 5 to 7) compared with parental NS3, which corresponded to their increased ATPase activity (Fig. 4) . However, the G 436-439 mutant, which also exhibited enhanced ATP hydrolysis, showed only a slight increase in helicase activity over parental G2 (Fig. 5C, lane 13) . The remaining two mutants, G 334-336 and G 376-380 , each demonstrated ATPase activity but only low or no RNA unwinding (Fig. 5C, lanes 11 and 12) . These results show uncoupling of ATPase and helicase activity by mutagenesis outside enzyme motifs.
Analysis of virus replication. To test the effects of the mutations described above on virus replication, all mutants except G198A were incorporated into genomic-length cDNA. We considered it unnecessary to test both the motif I mutants, G198A and K199A.
Virus was produced from genomic-length cDNA by established procedures (22) . RNA was transcribed and electroporated into BHK-21 cells, and the cells were incubated at 33 or 37°C. BHK-21 cells were tested for immunofluorescence with anti-E antibodies. Medium from the transfected BHK-21 cells was passaged twice in C6/36 cells at 28°C, and the virus titer was determined after the second passage by plaque assay in C6/36 cells. Viral RNA was then amplified by RT-PCR, and the entire NS2B and NS3 genes were sequenced to check that the mutation was retained during the passaging and that no other changes were present within this region. These procedures were completed at least twice for each construct, and the results are summarized in Table 2 .
The parental virus V2 and mutant viruses V 169-173 , and V 179-181 grew to comparable titers of 10 5 to 10 6 PFU/ml following initial electroporation at 33 or 37°C (Table 2) , although both mutant viruses showed a small-plaque phenotype. The corresponding NS3 fusion proteins G2 and mutants G 169-173 , and G 179-181 all possessed in vitro ATPase and RNA helicase activities. For viruses V M283F and V 334-336 , virus was detected following electroporation at 33°C only, at reduced titers (4.7 ϫ 10 5 and 7.3 ϫ 10 2 PFU/ml, respectively), and with a smallplaque phenotype (Table 2 ). These results suggested that V M283F and V 334-336 were restricted in replication and possibly heat sensitive. The G M283F and G 334-336 fusion proteins both had reduced ATPase activity in vitro (Fig. 4B) and helicase activity that was either increased or reduced, respectively (Fig. 5D) .
No virus was detected for five constructs. The lack of virus from the three constructs containing mutation K199A (motif I) or R457A,R458A (motif VI) or clustered charged-to-alanine changes R 376 KNGK 380 corresponded to the lack of helicase activity detected for the corresponding fusion proteins. However, clustered changes at R 184 KR 186 and D 436 GEE 439 did not reduce helicase activity of the fusion proteins, and yet no virus was recovered. We hypothesize that these residues are required for other NS3 functions, such as the interaction with proteins in the viral replication complex.
Growth of viruses V2, V 169-173 , V 179-181 , and V M283F in BHK cells. To examine further the properties of the viruses, more concentrated stocks were prepared by polyethylene glycol precipitation of all viruses except V 334-336. Virus V 334-336 did not replicate adequately to obtain sufficient titers for further experiments.
BHK-21 cells were infected at a multiplicity of infection (MOI) of 1, and cells were incubated at 33 or 37°C. Experiments maintaining the BHK-21 cells at 39°C were unsuccessful because of poor cell survival. The culture medium was sampled at 72 h after infection, and virus titers were determined by plaque assay in C6/36 cells (Fig. 6) . Of the four viruses, only V M283F showed significant temperature sensitivity. At 72 h after infection, supernatant from cells infected with virus V M283F and maintained at 33°C contained (3.0 Ϯ 0.4) ϫ 
10
4 PFU/ml, whereas cells maintained at 37°C contained (5.7 Ϯ 0.4) ϫ 10 2 PFU/ml. The presence of each mutation in recovered virus was reconfirmed by RT-PCR and sequencing.
Temperature shift experiments with virus V M283F . To assess the effect of temperature shift on viral RNA synthesis and replication of V M283F , duplicate BHK-21 cell monolayers were infected with the parental V2 or mutant V M283F viruses at an MOI of 10 and incubated for 48 h at 33°C. At this time monolayers were maintained at 33°C or shifted to 37°C.
At 24 h after the shift (72 h after infection) the cell culture medium was assayed for virus yield (Fig. 7A) . The titers for the mutant and parental viruses were both higher at 33°C than at 37°C. However, the shift to 37°C clearly had a greater effect on mutant V M283F than on V2. The reductions in titer (log 10 ) were 0.7 and 1.9, respectively. At 0, 16, and 24 h after the shift (48, 64 , and 72 h after infection) RNA extracts of infected cells were prepared for analysis of accumulated viral RNA content by dot blot hybridization. Overall, the V2-infected cells contained more viral RNA than those infected with the mutant V M283F (Fig. 7B) , consistent with the higher yield of virus from the former (Fig. 7A) . Following the shift, V2-infected cells showed similar viral RNA content at the two temperatures at 64 and 72 h, whereas for the mutant V M283F , the cells maintained at 33°C clearly had more viral RNA than at 37°C. Both positive-and negative-strand viral RNA were detected by the dsDNA probe.
To assess the effect of the temperature shift on viral protein synthesis, the accumulations of labeled proteins at the permissive (33°C) and nonpermissive (37°C) temperatures were compared. The timing of the experiment was similar to that described above for the dot blot assay. BHK-21 cell monolayers were infected with the V2 or mutant V M283F viruses at an MOI of 10 and incubated for 48 h at 33°C. At 48 h after infection monolayers were maintained at 33°C or shifted to 37°C. At 0 and 24 h postshift, media were replaced with fresh medium lacking methionine for 2 h. Proteins were then radiolabeled with [
35 S]methionine for a further 2 h. As a measure of overall viral protein synthesis, the amount of NS3 protein was assessed by RIP of cell lysates (Fig. 7C) . As for viral RNA, less NS3 was detected in the cells infected by the mutant virus V M283F than by V2. In addition, cells infected by the mutant contained less NS3 at the higher temperature (Fig. 7C, lanes 7 and 8 compared with lanes 9 and 10), whereas V2-infected cells (Fig. 7C,  lanes 11 and 12) were more similar in NS3 content.
The bottom panel of Fig. 7C shows that the amount of protein in cell lysates before immunoprecipitation varied little. b Plaque titers after passaging in C6/36 are expressed as means Ϯ one standard deviation. Each virus was derived at least twice from RNA transcripts; therefore, the result shown for each virus is the average of two or more experiments.
c Detection of product after RT-PCR. All positive samples retained the required mutation and had no other changes in the NS2B/3 genes. d Temperature at which BHK-21 cells were incubated immediately after electroporation. e Data for this virus are published in reference 37. f ATPase and RNA helicase activities at 25°C. Activity was scored as no activity (Ϫ), parental activity (ϩ), activity increased compared with parental activity (1), or activity reduced compared with parental activity (2) (Fig. 4B and Fig. 5D ).
This demonstrated that the differences in levels of NS3 seen following RIP were probably due to the availability of template viral RNA for protein synthesis and not to variation in the number of cells in the monolayer or efficiency of lysis. RIPs were also performed with anti-E monoclonal antibodies, and identical results were obtained with respect to the relative amounts of viral proteins (data not shown). Therefore, the mutant virus V M283F was temperature (heat) sensitive in RNA synthesis, protein synthesis, and virus yield.
DISCUSSION
Ten sites distributed through the helicase region of DEN-2 NS3 were mutagenized in these experiments. Four were located in enzyme motifs, and a further six that were rich in charged amino acids were altered by charged-to-alanine mutagenesis of three residues (Fig. 1) .
Ten mutant proteins were synthesized in E. coli and tested in vitro for their effects on ATPase and RNA helicase activities. The ATPase activity of the parental protein G2 was stimulated only modestly by poly(A) in these experiments. The increase in the k cat /K m ratio was 1.45-fold, corresponding to an increase in V max of 1.25-fold. This was in contrast to the results obtained by Li et al. (33) who showed a 9.7-fold increase in V max for a DEN-2 NS3 in the presence of poly(A), using a protein with a similar N-terminal truncation but containing a C-terminal His tag rather than the much larger N-terminal GST tag of our experiments. Other significant differences in NTPase activities among NS3 proteins in the presence of polynucleotides have also been described (4, 31, 47, 48, 54) . The reasons for the differences have not been identified, but they probably reflect variation in the types, sizes, and locations of fused peptides; the degree of truncation of the enzymes; the methods of expression (e.g., in bacteria, insect, or mammalian cells); the purification procedures; and the assay conditions.
Patterns of activity. In our experiments we examined both ATPase and helicase activity in vitro. Five patterns of activity were observed, and they are discussed in turn below: (i) no ATPase and no helicase, (ii) enhanced ATPase and enhanced helicase, (iii) reduced ATPase and no helicase, (iv) reduced ATPase and reduced helicase, and (v) reduced ATPase and enhanced helicase. responding to K 199 in BVDV and HCV was previously shown to greatly reduce ATPase and RNA helicase activities (21, 23, 28, 38, 53) .
(ii) Enhanced ATPase and enhanced helicase. All six proteins with charged-to-alanine mutations had ATPase activity. Of these, four proteins-G 169-173 , G 179-181 , G 184-186 , and G 436-439 -were more active than parental G2 (Fig. 4) . Increased ATPase corresponded to increased helicase activity ( Fig. 5; Table 2 ). Previous studies have also shown enhanced NTPase activity for some flavivirus and poxvirus enzyme mutants. Li et al. (33) generated a DEN-2 NS3 mutant Q 184 NGN 187 , comparable to our R 184 KRK 187 , and demonstrated that it had a twofold increase in ATPase activity in the absence of poly(A). Substitution of the conserved histidine residue of motif II with alanine in NS3 of HCV and Japanese encephalitis virus, and in the NTP phosphohydrolase II (NPH-II) of Vaccinia virus also caused an increase in NTPase activity in the absence of poly(A) compared with parental protein (17, 23, 51) .
(iii) Reduced ATPase and no helicase. In this study, the motif VI mutant G R457A,R458A and the charged-to-alanine mutant G 376-380 had reduced ATPase activity and no helicase activity, identifying two regions required for coupling of the two activities. The role of the arginine residues in motif VI has been examined in Vaccinia virus NPH-II and HCV NS3 helicases. Mutation of the first arginine (corresponding to R 457 in DEN-2) in NPH-II and of the second arginine (corresponding to R 458 in DEN-2) in HCV decreased RNA binding (7, 18, 28) . Thus, by comparison with these viruses, the lack of detectable helicase activity of the DEN-2 G R457A,R458A double mutant protein was possibly due to inhibition of RNA binding. In contrast to G R457A,R458A , mutagenesis of the region corresponding to G 376-380 has not been reported, and analysis of the HCV structure at this location provides no understanding of the role of these residues in enzyme activity. However, the substitution of basic residues by alanine may also have an adverse effect on RNA binding. Recent structure-based mutagenesis of HCV NS3 helicase demonstrated that substitution with alanine of several residues (external to helicase motifs) proposed to interact with RNA also uncoupled the two enzyme activities (34) .
(iv) Reduced ATPase and reduced helicase. The remaining charged-to-alanine mutant G 334-336 showed reduced levels of both ATPase and RNA helicase activities. creased helicase activity with respect to parental G2 was the motif II mutant G M283F . The mutation in this protein was of particular interest because the residue at this position (methionine in DEN-2 motif II L 280 IIMDEAH 287 ) (30) has not been previously mutagenized for any virus. Phenylalanine commonly occurs at this position in positive-strand viruses (30) . Analysis of the HCV NS3 crystal structure indicates that the adjoining aspartic and glutamic acid residues potentially interact with the bound ATP ␥-phosphate and amino acid residues in motif I via Mg 2ϩ binding (29) , and both residues are required for NTPase and helicase activities (51, 53) . However, the reason for the increase in helicase activity observed in this study is unknown. Analysis of the HCV helicase structure demonstrates that the residue equivalent to DEN-2 M 283 is buried within the secondary structure, suggesting that it is not directly involved in ATPase or helicase activity (J. C. Whisstock, personal communication).
With the availability of genomic-length cDNA, we were able to test the effect on virus replication of nine mutations modifying ATPase and helicase activity in vitro. As described above, the mutations produced five patterns of enzyme activity in vitro, and their effects on replication were of considerable interest. The introduction of helicase mutations into viral genomes has been reported for only one positive-strand RNA virus, BVDV (21) . For BVDV, three mutations, two point mutations in motifs I and II and a deletion mutant in motif VI, abolished helicase activity and virus replication (21) . Likewise for DEN-2, the mutations in motif I (K199A) and motif VI (R457A, R458A) that abolished helicase activity also prevented virus replication. In addition, the charged-to-alanine mutation at R 376 KNGK 380 in DEN-2 NS3 also stopped helicase activity and virus replication. Thus, for both these members of the family Flaviviridae, lack of helicase in vitro correlated directly with no detectable virus replication.
On the other hand, mutations permitting helicase activity in vitro did not necessarily permit virus replication. There were four mutations that allowed replication, i.e., E 169 KSIE 173 , E 179 DD 181 , M283F, and D 334 EE 336 (although with smaller plaque phenotype and in two instances temperature sensitivity), and two that did not, i.e., R 184 KR 186 and D 436 GEE 439 . With the exception of M283F (motif II mutant), these mutations were all of the charged-to-alanine type and therefore likely to be located on the surface of NS3 and involved in protein-protein or RNA-protein interactions (1, 13) . NS3 has been identified in NS3-NS5 complexes (8, 26) and associated with the nonstructural proteins NS1, NS2A, NS4A, and NS5 in replication complexes (27, 36, 57) . It is therefore likely that subtle or substantial changes in these interactions led to the observed range of phenotypes. In particular, the charged residues at R 184 KR 186 , D 334 EE 336 , and D 436 GEE 439 are worthy of further investigation. Less severe mutagenesis of these sites would establish the relative contribution of individual residues to enzyme activity and virus replication. Additional experiments which may assist in determining the roles of residues are binding assays in vitro for analysis of protein-protein and RNA-protein interactions (10) . Since the hydrophilicity profiles of proteins specified by viruses within the genus Flavivirus are highly conserved (56), the results obtained using DEN-2 would be potentially applicable across the genus.
We had limited success in producing temperature-sensitive mutants by charged-to-alanine mutagenesis. Here, one potential mutant (V 334-336 ) was obtained after mutagenesis of six different sites. Only one temperature-sensitive mutant produced by this technique has been reported for the flaviviruses, in NS1 of Yellow fever virus (39) . However, we were successful in generating a temperature-sensitive mutant, V M283F , with the M283F substitution in motif II. As noted above for the hydrophilicity profiles, the conservation of the sequence MDEAH in motif II suggests the results with V M283F may hold for other flaviviruses. The data shown in Fig. 7B demonstrated that cells infected with this virus were defective in RNA synthesis at the nonpermissive temperature. Further experiments are in progress to determine the basis of this defect. In summary, we have identified residues in the NS3 helicase region of DEN-2 within and outside motifs that modify enzyme activities in vitro and alter virus phenotype. Mutations that abolished helicase but not ATPase activity were identified. In some instances enhancement of enzyme activities was observed. Absence of helicase activity in vitro correlated directly with lack of virus replication. Our results are likely to be applicable to other flaviviruses and are of importance in the development of antiviral strategies directed at the inhibition of NTP and RNA binding, the coupling of NTPase and RNA helicase activities, and protein-protein interactions within the replication complex.
